INTRODUCTION
Composite materials consisting of metallic clusters or crystals of nanometer dimension embedded in an insulator host can exhibit special optical, electrical, magnetic, and mechanical properties that may be used in various technological applications. [1] [2] [3] [4] [5] [6] [7] [8] For example, metal nanocrystals embedded in insulating materials offer enhanced mechanical properties, making them a promising candidate for use in machine tools. [9] [10] [11] [12] [13] [14] The search for materials with enhanced hardness is driven by both the scientific curiosity of researchers to explore the possibilities of synthesizing a material whose hardness could approach or even exceed that of diamond, and the technical importance of hard materials for wear protection, e.g., of machine tools. The importance of hard-wear protective coatings for machining applications is illustrated by the fact that today more than 40% of all cutting tools are coated by wear-resistant coatings and the market is growing fast. Wear-resistant hard coatings for high-speed dry machining would allow the industry to increase the productivity of expensive automated machines and to reduce the high costs presently associated with the use of environmentally hazardous coolant.
The metal nanocrystals embedded in insulating materials have been synthesized by quenching and heat treatments, 15 sol-gel processes, 16 sputtering, 17 and ion implantation. 18 Most of these processes are multistep processes, in which a postdeposition treatment is often needed to optimize the properties. However, these treatments can also alter the average grain size, size distribution, and spatial arrangement of the nanocrystals, with possible unfavorable effects on the mechanical properties of the nanocomposites. Unlike these methods, multiple-target sequential pulsed laser deposition (PLD) permits independent control of synthesis of the nanocrystals and the embedding matrix. PLD has shown particular success in stoichiometric thin-film deposition of complex oxides. Energetic (>100 eV) ions produced by ablation yield smooth, high-density films with good adhesion, especially desirable for mechanical applications. In this chapter, we report the synthesis of alternating-target PLD of Fe and Ni nanocrystals embedded in an Al 2 O 3 matrix. The material produced is a thinfilm composite consisting of metallic nanocrystals embedded in an insulator host. The structural quality of the thin-film composite was evaluated using high-resolution transmission electron microscopy and scanning transmission electron microscopy with atomic number contrast. This revealed the formation of a biphase system with thermodynamically driven segregation of Ni and alumina during pulsed laser deposition. This new nanocomposite material exhibits superior mechanical properties with enhanced hardness and Young's modulus. The improvement in hardness of Al 2 O 3 thin films by embedding metal nanocrystals is related to the evolution of a microstructure that efficiently hinders the manipulation and movement of dislocations and the growth of microcracks. This is achieved by grain boundary hardening.
THEORY OF PULSED LASER DEPOSITION
The pulsed laser deposition technique has been used to prepare the thin-film nanocomposite samples discussed in the present article. Since this is a relatively new technique with respect to other thin-film deposition techniques such as evaporation, sputtering, and molecular beam epitaxy, it is appropriate to briefly describe the theoretical aspects of pulse laser deposition. The pulsed laser deposition (PLD) process was first used more than two decades ago. 19 However, it gained prominence recently when it was found to be the most convenient and efficient technique for the synthesis of new high-temperature superconducting thin films. 20 The schematic of a pulsed laser deposition chamber is shown in Fig. 10.1 . In a typical PLD of thin films, a pulsed laser strikes a solid bulk target. Some of the target materials are removed, escaping in the form of a plume. Part of the plume comes in contact with the surface of a heated substrate kept a few centimeters away from the target. The plume, consisting of the building block (lattice) of the material, covers the substrate. The result is the fabrication of a thin film of the given material with the same chemical structure as the target. PLD offers numerous advantages, including film stoichiometry close to the target, a low contamination level, a high deposition rate, and nonequilibrium processing. The relatively easily accessible experimental parameters in PLD make it very attractive for the synthesis of high-temperature superconducting thin films. These parameters are the substrate temperature, the energy of the atom flux, the relative and absolute arrival rate of atoms for compound films, and the pressure in the chamber. In order for any thin-film technique to be highly suitable for the growth of thin-film materials, the following conditions must be fulfilled: (1) the substrate temperature should be accurately controlled; (2) all the atoms in the deposition flux should have an energy of 5 eV to 10 eV to promote surface diffusion, nucleation, and high sticking probability without producing damage; (3) the atoms of the multicomponent material should arrive with the precise relative abundance required for the compound; and (4) it is useful to do all the processing in a high partial pressure of reactive gases such as oxygen to maintain stoichiometry of volatile species on the heated substrates and to control the energy of the deposited flux. The plasma generated by laser irradiation of the target can be used to assist the growth of very-high-quality thin films at relatively low processing temperatures. The processing temperature in PLD is generally 50-100°C lower than used in other thin-film growth techniques. Atomically sharp multilayer structures and superlattices can easily be fabricated by this technique. These advantages have made the PLD method one of the most popular methods to deposit thin films.
The basic experimental design for thin-film deposition by laser ablation is similar to any other physical vapor deposition process: The apparatus includes a vacuum chamber, a substrate holder with precise temperature control, and source materials (target). Usually an excimer laser that operates using a mixture of Kr, F 2 , He, and Ne generates pulses with a wavelength varying from 193 nm to 308 nm is employed for target ablation. Ultraviolet lasers have been found to result in congruent ablation that varies from 25 to 30 ns duration and the energy density ranges 1.0-2.5 J/cm 2 . An aperture is placed across the beam so that the nonuniform edge effects can be minimized. The laser fluence is varied by either varying the laser output energy or by focusing the beam. The optical imaging system consists of a mirror with reflective coating and a planoconcave lens. The laser beam is admitted to the chamber via a quartz window that is susceptible to damage if the energy density is too high or if the window is covered by dust particles. The sides of the chamber contain several quartz windows: One is used to admit the laser beam, while the others are used for in situ plasma diagnostics and for monitoring the growth. The chamber contains a sample heater block, a rotating target holder, and a shutter. The target block is mounted on a linear motion feedthrough that is used to vary the target-substrate distance. The target is rotated at about 1 Hz, which is incommensurate with the laser pulse rate but provides a more uniform erosion of the target. The oxygen pressure during deposition is regulated using a mass flow controller and a throttle valve.
Although PLD appears to be an evaporation process, the stoichiometry and the nature of species is quite different from standard evaporation processes. This is due to the complex interaction of the laser beam with the target and plasma and subsequent deposition of species. Depending on the type of interaction of the laser beam with the target, the PLD process can be classified into four separate regimes: (1) start with the laser pulse and continue throughout the laser pulse duration, while the next two regimes initiate after the laser pulse terminates. Under PLD deposition conditions, where the pulse energy density is in the range of 1-10 J/cm 2 , the target ablation can be considered to be thermal in nature, while the interaction of the laser beam with the evaporated material gives rise to thermal characteristics of the species in the plasma. The thermal effects of pulsed nanosecond laser-irradiation of materials are determined by the laser pulse parameters (temporal power density I(t), pulse duration t p , wavelength, etc.), optical properties (reflectivity R, absorption coefficient a), and the thermal properties of the material (thermal conductivity K, latent heat per unit volume L v , specific heat per unit volume C v , ablation temperature T v , etc.). The thermal diffusivity D = K/C v , defines the thermal diffusion length (2Dt p ) 0.5 , which determines the spread of the temperature profile during the laser pulses. The temperature in the target T(x,t) during laser irradiation is controlled by the heat flow equation given by 23 ( 10.1) with appropriate boundary conditions that take into account the formation and movement of the solid-liquid (or liquid-vapor) interface. Here, x refers to the direction in the plane perpendicular to the target, and t refers to the time. The second term on the right-hand side of the equation is the heat generation term due to the absorption of the incident laser beam by the target. If the surface of the material is highly absorbing (a ≥ 10 6 cm −1 ) to the incident laser beam, the heat generation term can be removed from Equation 10.1, and applied to the front surface boundary condition.
The laser-target interactions play a critical role in the film quality deposited by the PLD technique. Depending on the nature of the heating and thermophysical properties of the materials, two separate regimes can be distinguished 24 : (1) a surface heating regime in which the optical absorption depth is much smaller than the thermal diffusion distance, a(2Dt p ) 0. 5 >> 1, and (2) a volume heating regime in which the optical absorption depth is much larger than the thermal diffusion distance, a(2Dt p ) 0.5 << 1. The two regimes are shown schematically in Fig. 10.3 . In the first case, the laser energy is absorbed in the surface layer, and the thermal diffusivity controls the heating and ablation characteristics. During ablation of the target, a planar vaporization interface may initiate from the surface and propagate into the bulk of the target. However, at higher power densities, subsurface heating effects become important that may lead to explosive removal of material from the target, and thus lead to nonlinear ablation effects. 25 The transformation from surface to volume ablation regimes is dependent on several factors such as incident power density, absorption coefficient, and the thermophysical properties of the target. In the volume heating regime, the thermal conductivity plays an insignificant role in controlling the laser-target interactions, and the ablation depth is determined mainly by the optical absorption depth, which is given by the inverse of the absorption coefficient. In this regime, internal heating subsurface effects may predominate, leading to removal of particles from the target, and these particles may shield the target from the incoming laser beam. The term subsurface superheating has been
developed to describe temperature inversion on the surface during laser ablation. In the case of planar surface ablation when the vaporization interface moves rapidly into the target, the surface is constantly being cooled due to the latent heat of ablation. However, the absorption of the laser beam in the target is characterized by a finite absorption depth in the material. The subsurface layers thus are heated directly by the laser beam where the heat dissipation mechanism is due to the thermal conduction losses in the target. As the energy density is increased, the subsurface temperatures may vastly exceed the surface temperature, which corresponds to the ablation point of the material (Fig. 10.4) . These subsurface superheating heating effects may lead to explosive removal of material from the target in the form of particles. These particles may in turn shield the laser beam from the target, thus giving rise to nonlinear ablation characteristics.
According to Singh et al., 26 the time after which the ablation front may change from a planar to volume type will depend on the degree of internal superheating and the time required for the nucleation to form a subsurface gaseous phase. Because of the number of unknowns, the nucleation of the stable gaseous phase near the 
surface cannot be quantitatively analyzed using the basic nucleation theory. However, it is known that the nucleation rate is a strong function of the temperature, and thus a larger degree of superheating increases the probability of more rapid volume nucleation of the material. Using this approach, Singh et al. 26 analyzed the effect of various processing factors on subsurface superheating. The high surface temperature induced by laser irradiation leads to emission of positive ions and electrons from a free surface. The thermionic emission of positive ions and electrons from hot surfaces has been widely recognized in the literature. 27 The flux of ions and electrons as a function of temperature can be predicted by Richardson's and Langmuir-Saha's equations, respectively. Both of these equations show an exponential increase in the fraction of ionized species with temperature; higher ionized fractions than predicted by the Langmuir-Saha equation have been observed in laser-irradiated targets. 28 This has been attributed to the higher temperatures induced by absorption of the laser beam by the evaporating material and electron impact ionization.
The physical mechanisms involved in the absorption and reflection of the laser energy by the evaporating material were identified in the early experiments as the sources for very high temperature (∼1 KeV) plasma. The penetration and absorption of the laser beam by the plasma depends on the electron-ion density, temperature, and the wavelength of the laser light. For penetration (or reflection) of the incident laser beam, the plasma frequency (v p ) should be lower than the laser frequency. For excimer laser wavelengths (l = 193-308 nm), the laser frequency varies from 9.74 × 10 14 cm −1 to 1.5 × l0 15 cm −1 . The plasma frequency is given by (10.2) where n e is the electron concentration of the plasma. Using Equation 10.2, the critical density for reflection of the laser beam is determined to be 1-3 × 10 22 /cm 3 . This critical density is approximately equal to the concentration of atoms in the solid or liquid. The presence of a diffuse plasma boundary and a gradual decrease in the plasma density away from the surface results in a lower electron density than the . estimated value. Thus, energy losses due to the reflection of laser light from the plasma are insignificant. The material that evaporated from the hot target is further heated by the absorption of the laser radiation. The primary absorption mechanism for ionized plasma is electron-ion collision. The absorption primarily occurs by an inverse Bremmstrahlung process, which involves the absorption of a photon by a free electron. The absorption coefficient (a plasma ) of the plasma can be expressed as (10.3) where Z, n i , and T, are the average charge, ion density, and temperature of the plasma, respectively, and h, k, and v are the Planck constant, Boltzmann constant, and frequency of the laser light, respectively. The laser energy is highly absorbed if (a p X ) ∼ 1, where X(t) is the dimension perpendicular to the target of the expanding plasma. This equation shows that the absorption coefficient of the plasma is proportional to Thus the plasma absorbs the incident laser radiation only at distances very close to the target where the densities of the charged particles are very high.
EXPERIMENTAL PROCEDURE
Nanocrystalline nickel and iron crystallites were embedded in an alumina matrix using a KrF excimer laser (252 nm, 30 ns full width at half maximum) focused alternately onto high-purity targets of nickel or iron and alumina. The depositions were carried out on silicon substrates in a high-vacuum environment (∼5 × 10 -7 torr). The substrate temperature was approximately 500°C. The energy density and repetition rate of the laser beam used were 2 J/cm 2 and 10 Hz, respectively. The size distribution of metallic particles and the crystalline quality of both the matrix and metallic particles were investigated by cross-sectional scanning transmission electron microscopy with atomic number (Z) contrast (STEM-Z). Figure 10 .5 is a schematic diagram showing the incoherent imaging under STEM conditions in which a high-angle annular detector is employed to collect the incoherent tail of the scattered electron distribution. The image is formed by focusing a very fine probe (2.2 Å at 100 KeV) on the sample. There is no imaging lens in this system. Instead, high-angle scattering is detected as a function of probe position and used to map the scattering power of the sample, which depends on the square of the atomic number. This is a dark-field technique, so that the atomic columns are seen as bright spots in the image; the heaviest columns are always brightest, allowing unambiguous discrimination of atoms with different atomic number. The diagram shows that this technique is able to resolve Ga and As in GaAs, even though these two atoms have a small atomic number difference between them. 21, 22 It should be noted that the STEM-Z technique is capable of resolving the location of oxygen atoms at the interface. This is accomplished by simultaneously using the EELS mode in which a low-angle detector collects the oxygen signal. Thus, with the simultaneous use of the STEM-Z and EELS, both low-and high-atomic-number atoms can be identified at the particle/oxide interface.
Depth-sensing nanoindentation continuous stiffness measurements (CSM) were made on the nanocomposite thin films. A MTS Nanoindenter-XP with a Berkovich .
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triangular pyramidal tip was used for these measurements. The instrument monitored and recorded the dynamic load and displacement values during the indentation. A series of arrays of indentations were made at a constant strain rate of 0.05 s −1 and at depths of 750 nm for hardness and modulus measurements. Four samples were made per deposition and three indentation tests were run on each sample. Each test comprised an array of six indents. Load displacement data collected from the indentations were used to calculate the hardness and Young's modulus using Oliver and Pharr analysis.
RESULTS AND DISCUSSION

MECHANICAL PROPERTIES
Shown in Fig. 10 .6 is the variation of hardness of Ni-Al 2 O 3 thin-film composites as a function of the size of the Ni particles embedded in the Al 2 O 3 matrix. For the sake of comparison, we have shown in the figure the hardness data of pure alumina film deposited under identical conditions. It is clear from the figure that the hardness of the Ni-alumina composite is significantly higher than that of pure alumina films. However a further increase in the particle size of the embedded Ni particles resulted composite becomes greater than that of pure alumina thin film when the size of the embedded Fe nanocrystals increases to 4.5 nm. The hardness reaches a peak at 7 nm, beyond which the hardness of the Fe-Al 2 O 3 thin-film composite (Fe particle size is 9 nm) is again lower than that of pure alumina thin film.
The improvement in values of hardness of Al 2 O 3 thin films by embedding metal nanocrystals is related to the evolution of a microstructure that efficiently hinders the manipulation and movement of dislocations and the growth of microcracks, which in turn is achieved by grain boundary hardening as described by the HallPetch relationship, which is valid down to a crystallite size of 20-50 nm [29] [30] [31] :
Here s c is the critical fracture stress, d is the crystallite size, and s 0 and k gb are constants. With the crystallite size decreasing to this limit, the fraction of the material in the grain boundaries increases, which leads to a decrease in material strength and hardness due to increased grain boundary sliding. [32] [33] [34] [35] [36] A simple phenomenological model has been used to describe the softening in terms of an increasing volume fraction of the grain boundary material f gb with the crystallite size decreasing below 1-6 nm 37 :
with f gb a(1/d). Due to the flaws present, the hardness of grain boundary materials h gb is smaller than that of the crystallites H c . Thus the average hardness of the material decreases with d decreasing below 10 nm, an effect commonly known as the reverse Hall-Petch effect. 38 Recent computer simulation studies confirm that the reverse Hall-Petch dependence in nanocrystalline materials is due to the grain boundary sliding that occurs due to a large number of small sliding events on atomic planes at the grain boundaries, without thermal activation. This will ultimately impose a limit on how strong the nanocrystalline metal may become. 39, 40 Although many details are still not understood, there is little doubt that grain boundary sliding is the reason for softening in this crystallite size range. Therefore a further increase of the strength or hardness with decreasing crystallite size can be achieved only if grain boundary sliding is blocked by appropriate design of the material. 40, 41 We have tried to achieve this condition by having a uniform distribution of isolated nanocrystals in an amorphous thin-film matrix. In such situations, the grain boundaries formed at the interface are very strong and avoid or greatly reduce the grain boundary sliding. We believe that this effect is primarily responsible for the higher values of hardness for metal-alumina thin-film composites composed of isolated nanocrystalline metal particles (size below 10 nm) in amorphous matrices.
STRUCTURAL CHARACTERIZATION
Shown in Fig. 10 .8 is the cross-sectional STEM-Z micrograph of Ni nanocrystallites embedded in an alumina matrix. The Z-contrast in the STEM provides an incoherent image in which changes in atomic structure and composition across an interface can be interpreted directly without the need for preconceived atomic structure models. 
This is true provided the incident electron probe is smaller than the lattice spacing (for a sample oriented along a major axis) or atomic columns. Since the probe is scanned, the resultant image is a map of the column scattering power, which in turn depends on the atomic number Z 2 of each column. The spatial resolution is limited primarily by the probe size, which is 1.2 Å in our field emission instrument. The Z-contrast image in the STEM is formed by electrons scattered through high angles. The average size of the Ni nanocrystals was determined to be ~5 nm. It is clear from the cross-sectional images that the Ni nanoparticles are mostly uniform in size and are well separated from each other. The average intralayer separation between the particles is estimated to be ~2-5 nm. In order to evaluate the crystalline quality of the metal particles and the alumina matrix, a high-resolution STEM-Z was recorded (Fig. 10.9 ) from a single metal particle and the alumina matrix in its immediate vicinity. It is clear from this figure that the Ni nanoparticle is crystalline and the alumina matrix is amorphous in nature. Such a biphase system is formed as both materials are immiscible (i.e., they display thermodynamically driven segregation during deposition) and the cohesive energy at the interface between both phases is high. The amorphous phase of the matrix can provide high structural flexibility in order to accommodate the coherency strain without forming dangling bonds, voids, or other flaws as observed in Fig. 10.9 . In this case, the nanostructure would be stable and grain boundary sliding is greatly reduced.
The improvement in the values of hardness of Al 2 O 3 by embedding Ni and Fe nanoparticles may also be explained using the Koehler concept of multilayers for the design of strong solids. 42 According to this concept, under applied stress a dislocation that would form in a softer layer (metal in the present study) would move toward the metal-ceramic interface, and elastic strain in the second layer (alumina in the present study) with the higher elastic modulus would cause a repulsive force that would hinder the dislocation from crossing that interface. Therefore the hardness of Ni-Al 2 O 3 and Fe-Al 2 O 3 thin-film composites, which are essentially multilayered structures consisting of continuous layers of alumina thin films and discontinuous films of metals, is much stronger than expected from the rule of mixtures.
CONCLUSIONS
In summary, thin-film composite materials consisting of metallic nanocrystals embedded in an insulator were fabricated. These films exhibited significantly improved mechanical properties. The best hardness values measured using a nanoindentation technique were 20-30% larger than the hardness of pure alumina films fabricated under identical conditions. The improvement in the hardness of Al 2 O 3 thin films by embedding metal nanocrystals is related to the evolution of a microstructure that impedes the manipulation and movement of dislocations and the growth of microcracks. The impedance in grain boundary movement is brought about by grain boundary hardening due to formation of well-separated metallic nanocrystallites in amorphous matrices.
PROBLEMS
1. Describe the role of the pulsed laser deposition method in the fabrication of thin-film nanocomposite materials. 2. Discuss the mechanism for the improvement in ceramic thin films by the addition of nanodimensional metal particles. 3. Explain how the mechanical properties of hard materials such as alumina can be improved by the addition of soft materials such as nickel or iron.
